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Spontaneous supercurrent induced by ferromagnetic pi-junctions
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We present magnetization measurements of mesoscopic superconducting niobium loops containing
a ferromagnetic (PdNi) pi-junction. The loops are prepared on top of the active area of a micro Hall-
sensor based on high mobility GaAs/AlGaAs heterostructures. We observe asymmetric switching of
the loop between different magnetization states when reversing the sweep direction of the magnetic
field. This provides evidence for a spontaneous current induced by the intrinsic phase shift of the
pi-junction. In addition, the presence of the spontaneous current near zero applied field is directly
revealed by an increase of the magnetic moment with decreasing temperature, which results in half
integer flux quantization in the loop at low temperatures.
PACS numbers: 74.50.+r,85.25.Cp
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As first predicted by Josephson[1], Cooper pairs can
be transferred coherently between two weakly coupled
superconducting electrodes at zero bias voltage. The re-
sulting supercurrent through such a weak link is driven
by the phase difference ϕ of the superconducting wave-
function across the junction. In conventional tunnel
coupled Josephson junctions the current-phase relation,
which connects the supercurrent IS flowing through a
junction and the phase difference of the superconducting
wave function or pair amplitude, is given by IS(ϕ) =
IC sin(ϕ)[2]. The critical current IC is the maximum
supercurrent the junction is able to sustain. The sinu-
soidal shape of the current-phase relation is expected
to be modified if the weak link is realized by a ballistic
point contact (ScS), or a diffusive normal metal bridge
(SNS)[3, 4] rather than by a tunneling barrier.
If the weak link consists of a thin ferromagnetic layer
(SFS), the result can be a Josephson-junction with a
built-in phase difference of pi. This has been predicted by
Buzdin et al.[5], who calculated that the pair amplitude
F inside a ferromagnet in contact with a superconductor
should oscillate as a function of position (see Fig. 1a).
The origin of the oscillation is the exchange splitting of
the conduction bands in the ferromagnet, in which the
Cooper pairs acquire a nonzero total momentum. The
oscillation period ξF is determined by the exchange field.
Thus, by choosing appropriate values of exchange field
and the thickness dF of the ferromagnetic layer the ratio
F1/F2 of the pair amplitude on both sides of the junction
can become negative, and with it the current through
the junction[5]. Such junctions are called pi-junctions,
because the difference in sign between F1 and F2 cor-
responds to a phase difference of pi across the junction
and hence IS(ϕ) = IC sin(ϕ + pi). It was pointed out by
Bulaevskii et al.[6], that a superconducting ring with an
inserted pi-junction exhibits a spontaneous current and a
corresponding magnetic flux of half a flux quantum Φ0 in
the ground state (see Fig. 1b). The spontaneous super-
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FIG. 1: The origin and signature of pi-junctions with ferro-
magnetic weak links. a) Inside the ferromagnet (FM) the real
part of the Cooper pair wave function F exhibits spatial oscil-
lations with wavelength ξF . The dot marks the value of dF/ξF
used in our pi-junctions. b) In zero external magnetic field, a
spontaneous flux Φ = Φ0/2 is required to maintain the con-
dition of fluxoid quantization if a pi-junction is inserted into
a superconducting loop. c,d) Sketches of the free energy of a
pi-loop (c) and a 0-loop (d) as a function of the magnetic flux
for different values of γ ∼ IC as described in the text.
current has to flow even in absence of external flux in or-
der to maintain the uniqueness of the wave function along
the loop provided that the critical current is sufficiently
large. This is illustrated in Fig.1c, where we have plot-
ted the free energy of the pi-loop in absence of an applied
field[6] as a function of the normalized flux through the
2loop LIS/Φ0 for different values of γ =
1
piΦ0
LIC(T,
dF
ξF
),
where L is the loop inductance. Here we assume a sinu-
soidal IS(ϕ) for simplicity[3]. For γ = 1 a phase transi-
tion to a ground state with two degenerate minima cor-
responding to half a flux quantum occurs in the loop. In
Fig. 1d we have plotted the free energy for a 0-loop for
comparison.
The first experimental indication for the oscillatory
character of the induced superconductivity in thin ferro-
magnetic films was the observation of a non-monotonic
suppression of TC with increasing film thickness of the
ferromagnet in SF multilayers (see e.g.[7]). An im-
portant step towards pi-coupling in magnetic Josephson
junctions was the introduction of diluted ferromagnets
(e.g. CuxNi1−x[8] or PdxNi1−x[9]), which allow larger
layer thicknesses for pi-junctions than concentrated fer-
romagnets. Recently several experiments have revealed
more direct evidence of pi-coupling in planar ferromag-
netic Josephson junctions[8, 9, 10] and in non-equilibrium
superconductor/normal-metal junctions[11, 12, 13]. In
addition, first phase sensitive measurements on suitably
oriented grain boundary junctions with high tempera-
ture superconductors[14] as well as 0-pi dc-SQUIDs[15]
and networks of pi-junctions[16] were performed to ob-
tain a direct signature of the pi-shift of the phase of the
superconducting wave function.
The latter experiments concentrated on the high tem-
perature regime, where the induced supercurrents are
negligible. In this Letter we focus on the low temperature
regime where the pi-junction manifests itself by sponta-
neous supercurrents, resulting in half integer flux quanti-
zation. The spontaneous current induces an asymmetry
in the switching fields between different flux states of the
loop and it can also be observed directly in the tempera-
ture dependent magnetization in absence of an external
magnetic flux.
In order to obtain clean S/F-interfaces the different
metal layers are evaporated in a single vacuum run us-
ing a high-temperature stable shadow mask[17, 18] made
of polyethersulfone (PES) and germanium (Ge)(see Fig.
2a). The samples are niobium square loops with an av-
erage line width of 700 nm and a layer thickness of 80
nm. The effective side length d = 7,4 µm of the pi-loop
requires a magnetic field of B0 = 37,5 µT to obtain one
flux quantum in the loop; the average inner diameter of
the loop leads to an estimated self-inductance of L ∼=
23 pH[19]. The niobium ring is interrupted by a planar
ferromagnetic Josephson junction made of a palladium-
nickel alloy (Pd0.82Ni0.18)[9, 10] (see Fig. 2c and Fig. 2d
for details on the geometry). For this nickel concentra-
tion the PdNi is a weak ferromagnet[20] with a moderate
exchange field. The character (0 or pi) of the junction
is determined by the ferromagnetic layer thickness; in
our case a ferromagnetic layer thickness dF of 7,5 nm re-
sults in a pi-junction (ξF = 2,4 nm)[10]. For comparison,
niobium loops containing a conventional weak tunneling
FIG. 2: Shadow mask and sample layout. The samples are
niobium (Nb) loops with a planar ferromagnetic palladium-
nickel (Pd0.82Ni0.18) Josephson-junction. a) The polyether-
sulfone (PES)/germanium shadow mask. b) Scanning elec-
tron micrograph of the sample after lift-off. The loop is placed
on top of the flux-sensitive area of the micro-Hall cross made
of a GaAs/AlGaAs heterostructure. c) The relative shifts of
the three metal films on the substrate are achieved by ad-
justing different tilt angles before each evaporation. d) Cross
section of the planar Josephson junction.
barrier instead of the magnetic interlayer are prepared on
the same GaAs chip. The 0-loop has a slightly smaller
effective size of d=7,1 µm corresponding to B0=40,8 µT.
The local magnetic flux of the loop is measured by
a micro-Hall sensor in the ballistic limit. Here the
Hall voltage VH is related to the magnetic flux Φ via
Φ = ne
α
AVH/I, where α = 0.035 is the geometric filling
factor of the loop within the flux sensor, n is the elec-
tron density of the sensor, e the electron charge, I the
current through the sensor and A the active area of the
sensor[21]. The sensors are made of a modulation doped
GaAs/AlGaAs heterostructure containing a two dimen-
sional electron gas 190 nm below the surface. At 4.2 K
the heterostructure has a mobility of 750.000 cm/Vs and
an electron density of 2.66 *1011 cm−2.
The magnetic response of a superconducting loop with
a conventional Josephson junction is expected to show
flux quantization, provided that the width of the super-
conducting strip is larger than the magnetic penetration
depth and that the LIC -product of the loop is larger than
Φ0/2[22, 23]. Figure 3 shows the Hall voltage δVH gen-
erated by the magnetic flux of the circulating current in
the loops at 2K when sweeping the external magnetic
field. The contribution of the applied magnetic field has
been subtracted. The sample is magnetically shielded by
3b
d
V
(n
V
)
H
" "p
"0"
B ( T)applied m
downsweep up sweep
d
V
(n
V
)
H
B ( T)applied m
" "p
"0"
down sweep up sweepa
down sweep up sweep
" "p
"0"
B ( T)applied m
d
d
V
(n
V
)
H
c
0
Fapplied
F
" "p
0
F0
-F0
0
F0
F0
- F0
- F0
"0"
B =19,2 Tcool mB =1,72 Tcool m
B =-1,72 Tcool m
FIG. 3: Signature of the pi-state in the switching behavior during magnetic field sweeps. a, b) Magnetization traces δVH ∼ IS
for a pi- and a 0-loop. All data are taken at 2 K using a measurement current of 20 µA. The critical currents are 65 µA for the
0-junction and 27 µA for the pi-junction. By choosing cooling fields slightly below and above zero applied flux and performing
sweeps of the magnetic fields in both field directions, an asymmetric switching behavior of the pi-loop is observed, while the
0-loop shows symmetric jumps with respect to the cooling field. c) Relation between the total magnetic flux Φ, applied flux
Φapplied (linear background) and the flux LIS generated by the supercurrent in the loop. The Φ(Φapplied) relation of a pi-loop
(red) is shifted by Φ0/2 with respect to that of a conventional 0-loop. During the field sweep, only the sections with positive
slope can be traced, which leads to a hysteretic switching behavior for LIC > Φ0/2. The three vertical lines in each curve
indicate the applied flux during field cooling below the critical temperature for the three sets of measurements discussed. d)
Reversal of the symmetry properties of pi- and 0-loop when choosing a cooling field equal to half a flux quantum.
a cryoperm-can, reducing the residual magnetic field to
about 4 µT. Reversing the sweep direction results in a
strongly hysteretic magnetization curve (not shown for
clarity) and trapped magnetic flux in the loop. To avoid
flux trapping, every field sweep plotted in Fig. 3 was
performed after field cooling down from 10 K, which is
higher than the critical temperature of bulk niobium.
Each curve contains two measurements in positive and
negative sweep direction, respectively. Panels a and b
correspond to cooling fields Bcool= +/- 1,7 µT, slightly
above and below zero magnetic field. The magnetization
traces of the 0-loop (black) show diamagnetic screening
until the critical current is reached and one flux quan-
tum enters the loop as indicated by a sudden jump of
δVH . Further rise of Bapplied is again screened until more
flux quanta enter and a Φ0-periodic sawtooth pattern
emerges. At low temperatures, the jump height corre-
sponds to Φ0 and is used for the determination of the
filling factor α for each sample. The magnetic response
of the pi-loop looks qualitatively similar but is strongly
asymmetric with respect to the applied flux. The ori-
gin of the switching behavior is further illustrated in Fig.
3c, where the black trace shows the multi-valued rela-
tion between Φ and Φapplied for a hysteretic Josephson
junction loop with LIC > Φ0/2pi [22, 23]. We again
assume a sinusoidal current phase relation[3]. The left
trace (red) in Fig. 3c sketches the pi-shifted Φ(Φapplied)
relation expected for a pi-loop. It is seen that the branch
near Φ = 0 has a negative slope and the corresponding
states are unstable. As a consequence the loop should
generate a spontaneous current, whose orientation de-
pends on the sign of the small initial cooling field. The
essential signature of the pi-shifted Φ(Φapplied) relation is
a pronounced asymmetry of the switching fields, which
are defined by the vertical slopes of the red curve in Fig.
3c. This asymmetry results from the orientation of the
spontaneous current selected by the cooling field and is
clearly seen in the magnetization curves of the pi-loops
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FIG. 4: Temperature dependence of the spontaneous current.
The measurements show the temperature dependent magnetic
flux produced by a pi- and a 0-loop when cooling in (a) zero
field and in (b) a magnetic field equal to half a flux quantum in
the loop. Below T ≈ 5.5 K the pi-loop develops a spontaneous
current when cooling down in zero field, while the magnetic
flux through the 0-loop remains zero. When applying a field
equal to half a flux quantum Φ0 the roles of the pi- and 0-
loop are exchanged. At low temperatures the spontaneous
flux of both loops saturates close to Φ0/2, as expected. To
avoid heating of the sensor at the lowest temperatures, the
measurement current has been reduced to 7 µA.
in Figs. 3a,b(red). On the other hand, when applying
a cool-down field of Bcool close to half a flux-quantum
(see Fig. 3d), the situation reverses when compared to
Bcool ≈ 0. Now the 0-loop shows asymmetric and the
pi-loop shows symmetric switching. This can be under-
stood again from Fig. 3c: At Φapplied = Φ0/2 the state
of the pi-loop is uniquely defined, whereas for the 0-loop
two states compete, which are energetically degenerate.
Besides the signature of the spontaneous current in
the magnetization curves one would like to directly see
its emergence when cooling down below TC . Figure 4
shows the temperature dependence of the magnetic flux
detected in the loops. The raw data of the temperature
sweeps contained a large contribution from the tempera-
ture dependent longitudinal resistance of the Hall-probe
which is nearly independent of the magnetic field[24]. By
subtraction of two temperature sweeps at slightly differ-
ent cooling fields with opposite spontaneous current, the
Hall signal has been extracted. The first pair of measure-
ments is taken around Φapplied = 0. In order to satisfy
the condition of fluxoid quantization the pi-loop is forced
to generate a spontaneous circulating current IS . At
low temperatures the total flux Φtotal = LIS approaches
Φ0/2. Indeed, the pi-loop shows a small but clearly visible
Hall signal as the temperature of the junction is reduced
in zero applied field, which results from the magnetic flux
generated by the spontaneous current. This can be taken
as direct evidence for the half integer flux quantization
induced by the pi-junction. As expected, the 0-loop shows
no significant variation of the Hall voltage. Finally, the
roles of the pi- and 0-loop can be exchanged by applying
an external flux Φapplied = Φ0/2 during the cool-down.
In this case, the Hall voltage of the pi-loop is constant
and no spontaneous current arises, as the fluxoid quanti-
zation condition is initially compatible with the applied
field equivalent to Φ0/2. On the other hand, the 0-loop
develops a supercurrent with LIS = Φ0/2 to provide in-
teger flux quantization.
In summary, we have demonstrated experimentally the
presence of spontaneous magnetic moments in super-
conducting loops containing a ferromagnetic pi-junction.
This is most direct evidence for the existence of inho-
mogeneous superconductivity in the magnetic layers and
can be compared with the direct detection of half flux
quanta in tri-crystalline YBCO loops, which are a hall-
mark of the d-wave symmetry of the order parameter in
high-TC superconductors[14]. The pi-loops can be viewed
as a macroscopic analog of a spin 1/2 with two degenerate
states at zero magnetic field.
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